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1. Status of effort

The ferroelectric ceramics have a nonlinear behavior arising from the variation of the permittivity with voltage, 

which is a primordial requirement for microwave soliton generation in nonlinear transmission lines (NLTL). 

Described by a squared hyperbolic secant function, solitons are oscillations generated in lumped NLTLs because 

dielectric permittivity varies with the amplitude of the applied input pulse [1-3]. These oscillations can be used 

as microwave signals. In principle NLTLs could provide sub-microwave peak power of  tens of megawatts at a 

certain pulse repetition rate (0.1 – 1 kHz) with dielectric requirements of high voltage breakdown strength (BD- 

tens of kV/cm) and low loss tangent (< 1%). As shown in [4], [5], the capacitors based on PZT (lead-zirconate-

titanate) and BT dielectrics have dielectric BD strength of the order of 50 kV/cm and 100 kV/cm, respectively. 

Nevertheless, the suppliers do not furnish the loss tangent of these components at sub-GHz frequencies.  Other 

dielectric investigated for applying in high power NLTLs is a piezoelectric ceramic normally used in sensors and 

transducers in industrial applications, called as Lead-Zirconium-Titanate (PZT). For reduced dielectric losses, 

PZT is acquired normally de-poled. The acquired PZT material (type 4) was characterized in broadband frequency 

range, from 0.01 GHz to 1 GHz, using a vector network analyzer (VNA) [6], [7]. To assess nonlinearity property 

of the dielectrics (BT and PZTs), the materials were characterized as a function of the DC voltage applied and 

frequency. The complex dielectric constant of materials is calculated by the reflection coefficient (S11) measured 

using a vector network analyzer (VNA).  

Other investigation carried out was the principle of operation of NLTLs. A square pulse injected into the NLTL 

input is modified by the dispersive and nonlinear effects of the line, modulated and broken up into a group of 

solitons (oscillating pulses) which are used to feed an RF load through an antenna matched to the output of the 

line. In low-voltage NLTLs, varactor diodes are used as nonlinear medium since their diode junction capacitance 

varies with the inverse of the applied reverse voltage [8], [9]. In this report, the experimental results of a varactor 

diode NLTL built with 30 sections are presented. Besides, Spice simulation provides an excellent way of studying 

the NLTL principle operation by comparing them with the experimental results obtained. The FFTs of the 

simulated and experimental output voltage pulsed are also used to investigate the frequency spectrum of the output 

oscillations obtained.  
3 DISTRIBUTION A: Distribution approved for public release.



 
Finally, in this report, it is described the implementation of a high voltage nonlinear capacitive line (NLCL) 

using commercial BT and PZT ceramic capacitors. Corresponding NLCL Spice simulation is provided for 

comparison with experimental results. Depending on the nonlinearity properties of the capacitor dielectric, input 

pulse rise time, output pulse sharpening and or RF soliton generation can be obtained as described in this report. 

Some conclusions on the material properties of the dielectrics tested and their effect on soliton RF generation will 

be discussed in this report too. 

 

2. Dielectric Characterization  

In capacitive NLTLs, BT dielectric has been the mostly used so far. However, the dielectric losses of BT have 

prevented from achieving RF generation above several hundreds of megahertz (200 MHz) with good voltage 

modulation depth (VMD) of oscillations as pointed out elsewhere [10], [11]. Therefore, this section gives a 

comparison of the electrical properties between the new proposed dielectric for this application, the PZT, and the 

well-known BT, considering the material losses, breakdown (BD) strength, nonlinearity and frequency response. 

For these tests, we used circular PZT samples de-poled by manufacturer (type 4 and type 8) of 20/25 mm diameter, 

respectively, with thickness of 2 mm and based-BT high-voltage commercial ceramic capacitors of 10 nF/ 2 kV, 

1 nF/ 2 kV and 0.47 nF/3 kV. 

 

2.1 . Dielectric Losses 

For the dielectric loss measurement in a low frequency range, an HP 4285A/ 30 MHz RLC impedance meter 

was used to measure the dissipation factor of the material (loss tangent) as function of the frequency. Fig. 1 shows 

the loss tangent measurements for PZT and BT-based ceramic capacitors in a frequency range up to 2 MHz, below 

the resonant frequency of the both dielectrics. As seen in Fig. 1, PZTs have better performance than BT-based 

dielectrics in this frequency range because of the PZT lower loss tangent. The reason is that PZT dielectric 

resistance, namely RD, is significantly higher in this frequency range as loss tangent in this case is equal to 

1⁄(2πf×RD×C), neglecting ohmic contact resistances as well as the capacitor charging leakage resistance [12]. 
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Fig. 1. Loss tangent comparison shown between PZTs and BT-based ceramic capacitors. 
 

The lower dissipation factor observed for de-poled PZTs (at least at lower frequencies) is also confirmed 

through P×E polarization measurements using 60 Hz alternating fields provided by the well-known Sawyer-

Tower Circuit [13] and the x-y mode of a digital scope. The bigger area inside the P×E curve means higher losses. 

For instance, the P×E curve measured of capacitor of 1 nF/2 kV shows higher losses than that of de-poled type 8 

PZT as shown in Fig. 2. The scope x and y scales are multiplied by 1000 because of the HV probes used in the 

measurements. From the Sawyer-Tower circuit parameters and using dimensions of the dielectrics under tests in 

Fig. 2 obtains maximum polarization densities of about 4 μC/cm2 and 81 μC/cm2, respectively for PZT and 1nF 

capacitor, at corresponding maximum electric fields of the order of 5.0 kV/cm and 22.0 kV/cm. In the case of 

capacitor, the polarization density is higher because of its dielectric with smaller area (ϕ=5.6 mm) submitted to 

an increased electric field due to the thinner dielectric thickness of 0.68 mm [12]. 

 

(a)                                                  (b) 

Fig. 2. P×E loop measured on the scope screen for PZT type 8 (left) and 1nF capacitor (right):  CH1–x scale: 1.0 kV/div and CH2- y 

scale: 20.0 V/div. 
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2.2. Breakdown 

For the HV BD tests, we used an LC oscillatory half sine wave discharge circuit [14]. This circuit is capable of 

generating a differential voltage across the dielectric under test. The Weibull (WB) statistics were used for 10 

samples of each device tested (PZT-4 and ceramic capacitors of 0.47 nF/ 3 kV). As described elsewhere [12], 

using this method gives an average BD strength of about 43.5 kV/cm for type 4 PZT with a standard deviation of 

± 3.6 kV/cm. Similarly, an average BD strength of the order of 86.9 kV/cm is obtained for the ceramic capacitor 

of 0.47 nF/3 kV with a standard deviation of ± 8.1 kV/cm. By comparing with BT-based capacitors, these results 

show that PZTs have approximately half the pulsed BD strength of ceramic capacitors. Although, BD statistics 

was not used for 1nF/ 2kV capacitor, its ceramic composition is very similar to the 0.47 nF/ 3kV capacitor, and a 

BD strength of the order of 102 kV/cm was obtained in this case. Considering the thickness (0.68 mm and 1.18 

mm) and the DC working voltage (2 kV and 3 kV), specified by manufacturer, gives a minimum DC BD voltage 

of about 30 kV/cm and 25 kV/cm, respectively, for 1.0 nF and 0.47 nF capacitors. This means that on pulsed 

conditions the dielectric can operate under BD strength three times superior than on DC.  In addition, note in the 

polarization loops of Fig. 2 that the intensity of the AC electric fields used of 5.0 kV/cm and 22.0 kV/cm were 

respectively far less than the DC BD strength of the PZT and BT dielectrics tested. 

2.3. Nonlinearity 

The simplest way for checking the dielectric nonlinearity is by means of a C×V measurement made on static 

condition, where a C-meter reads strictly the differential capacitance of the dielectric under test, charged by a HV 

DC power supply. Measuring C×V curve on pulsed condition is also possible as demonstrated by Kuek et al. [15] 

but the discrepancies compared the last method employed are not so huge, in special when the capacitance 

saturates at higher voltages, which is the region of interest for calculating the RF oscillation frequency and output 

pulse rise time. Figs. 3 (a) and (b) illustrate the nonlinearity effect by showing the dependence of the capacitance 

and the corresponding permittivity versus applied voltage for PZT type 4 and BT-based capacitor of 1.0 nF/ 2 

kV. As result, we obtain that BT-based dielectric are more nonlinear than PZT as the capacitance decreased 50 % 
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for the former and only 17 % for the latter when both submitted to maximum dielectric strengths of the same 

order (30 kV/cm and 27 kV/cm, respectively, for PZT and BT thicknesses of 2 mm and 0.68 mm). 

 

 

(a)                                                                  (b) 

Fig. 3. C×V measurement obtained for circular PZT type 4 (a)  (left) and 1nF capacitor (right) (b). 

Other way of checking dielectric nonlinearity is to produce a pulse discharge into a load from a NLTL employed 

as a pulse-forming network (PFN).  In practice as a switch, we used a 2-electrode spark gap (SG) to discharge the 

line and a load matched to the unbiased line impedance. The SG initiated the discharge as the line charged voltage 

reached its breakdown at 1.6 kV, producing a pulse with peak amplitude of about 800 V at the load as expected. 

Figs. 4(a) and (b) shows the NLTLs built in oil and in air using circular PZT and 1 nF/2 kV ceramic capacitors, 

respectively. The lines were built with ten sections using air-core inductors of 1.0 μH.  Figs. 5(a) and (b) show 

respectively the discharge pulse across the load. Because of the weak nonlinearity of PZT at 800 V, a rectangular 

pulse is formed as shown in Fig. 5 (a). However, for the ceramic capacitor line, the stronger nonlinearity of the 

BT distorts the output pulse, which has a longer fall time as shown in Fig. 5 (b). As pointed out by Smith and 

Bendixsen [16] the during pulse formation the top of the reflected voltage pulse travels faster along the line than 

its bottom distorting the voltage step into a ramp, which causes a long tail on the output pulse. In special for PZT, 

Spice simulation of a line with respective linear capacitors illustrates its weak nonlinearity as the experimental 

and Spice results are in good agreement (see black and red lines respectively in Fig. 5(a) again). However, as 

demonstrated by the experimental result by the red line in Fig. 5(a), linear capacitors used in Spice simulation (in 

blue) do not produce the correct result. 
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(a)                                                     (b) 

Fig. 4. NLTLs built in oil with PZT (left) (a) and in air with ceramic capacitors (b). 

  

(a)                                                                             (b) 

Fig. 5. PZT (left) (a) and BT (right) (b) NLTL discharges in a matched load compared to the Spice simulations. 

 

2.4. Frequency Response 

A special attention to the frequency response of the ceramic dielectrics is needed. Using an HP RLC 4285A 

meter with bandwidth of 30 MHz the permittivity variation versus frequency is measured for the PZT (C#4 in 

blue line) and BT-based capacitors in a low frequency range as shown in Fig. 6. 

 

Fig. 6. Performance of permittivity versus frequency for PZT (in blue line) and BT-based capacitors [17]. 
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This is an important parameter to be measured as permittivity must not drop with frequency if an input high 

frequency is injected into the line for producing a shockwave, otherwise the nonlinear effect cannot be explored. 

Nevertheless, resonant frequency caused by parasitic inductances due to component geometry or terminals limits 

the output frequency in NLTLs. As shown in Fig. 6, as expected the permittivity for all capacitors is approximately 

constant with frequency in the range measured. However, as seen in Fig. 6, εr tends to increase around 2 MHz for 

PZT because of their terminals used to couple to the input HP meter. Therefore, component resonant frequency 

is an important factor that affects NLTL performance at high frequency as dielectric loss tangent increases 

considerably at this point. At the resonant frequency, the capacitive reactance is compensated by the inductive 

reactance and the capacitor becomes an inductor above this frequency. This condition is illustrated in Fig. 7 as 

permittivity goes to negative values for PZT and BT-based capacitor (470 pF) at the resonant frequency around 

200 MHz, where the permittivity measurements in high frequency sub-GHz range was made by measuring the 

complex reflection parameter S11, with the Agilent E8364B vector network analyzer (VNA) and terminal leads of 

the dielectrics removed. 

 

Fig. 7. Permittivity variation as function of frequency measured for PZT and 470 pF BT-based capacitors [7]. 

One can observe that dielectric losses are significantly lower far from the capacitor resonant frequency as shown 

in Fig. 8. At the resonant frequency, the loss tangent curves exhibit a peak as the capacitor behaves as a resistor 

since the net reactance is zero due to the associated parasitic inductance. For comparison, note that linear ceramic 

capacitors (100 pF and SMD) have significant lower losses than nonlinear capacitors (470 pF and PZT), especially 

at lower frequencies below 0.3 GHz. Also, observe that SMD does not present a loss peak because in the frequency 

range measured because of its extremely lower capacitance of 1.0 pF. Therefore, NLTL operation frequency of 
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PZT and BT can be limited up to the order of 200 MHz due to the loss peak at the resonant frequency caused by 

the inherent parasitic inductance. Estimated stray inductances for these dielectrics are in the range between 2.0 – 

4.0 nH, approximately.  

 

Fig. 8. Loss tangent calculated from S11 parameter versus frequency for all capacitors [7]. 

 

3. NLTL Principles of Operation for RF Generation 

When an input pulse is injected into a dispersive LC line it propagates down the line length with a velocity 

given by c = 1/(LC)1/2. If the line is nonlinear with variable capacitance C(V), the phase velocity is calculated by 

[18]: 

𝑉𝑉𝑝𝑝 = 1/�𝐿𝐿𝐿𝐿(𝑉𝑉),                                                                    (1) 

where C(V) is the variable capacitance per section as a function of the voltage applied, and L is the respective 

linear section inductance. The portion of the pulse with higher amplitudes will travel faster than its part with lower 

initial amplitude. In this way, the pulse peak catches up with the rising edge, forming an output shock wave front 

with a very fast rise time as shown in Fig. 9. 
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Fig. 9. Pulse rise time reduction in a NLTL. 
 

A rough estimative for the pulse rise time reduction caused by the LC ladder sections is made by calculating the 

time delay difference between the lower amplitude portion and the peak of the propagation pulse as [18]: 

∆T = tri − tro = 𝜕𝜕1 − 𝜕𝜕2 = 𝑛𝑛��LC0 − �L𝐶𝐶(𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚) � = 𝑛𝑛(�𝐿𝐿𝐶𝐶0(1 − √𝑘𝑘),                 (2) 

where: 

- tri is the input rise time,  

- tro is the output rise time,   

- n is the number of sections of the line,  

-k is nonlinearity factor = C(Vmax)/C0, 

- C0 is the unbiased capacitance,  

- C(Vmax) is the decreased capacitance at the maximum voltage applied, 

- ∂2 and ∂1 are respectively the propagation delay times of the peak and lower amplitude portion of the input pulse, 

where ∂1 > ∂2. 

 
A more accurate estimation is difficult because of the line nonlinearity. Then, the final rise time of the output 

compressed pulse (shock wave front) is calculated such as tro = tri - ∆T, where tri > ∆T. On the other hand, if tri 

starts to decrease so that tri ≈ ∆T, tro cannot decrease to zero as the steepness of the output shock wave would 

become infinite. Therefore, the pulse-rise time reduction is limited ultimately by the cutoff frequency of the biased 

LC ladder (known as Bragg frequency) as the line is dispersive, which is: 

 𝑓𝑓𝐶𝐶𝐶𝐶 = 1 / 𝜋𝜋 �𝐿𝐿𝐿𝐿(𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚)                                                                      (3) 
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As the propagating pulse cannot be submitted to further sharpening for a high number of sections because the 

energy cannot propagate above fco, the spectrum of frequencies from the shock wave is separated, producing at the 

output a series of narrow pulses (solitary waves) with frequency close to the half of the biased line Bragg frequency, 

that is f=fco/2. As it will be shown in section 3.2, the biased line Bragg frequency varies along the line section 

because of the voltage reflections, depending on the load value. Other important line parameter is its characteristic 

impedance given as follows [18]: 

 𝑍𝑍0 = �𝐿𝐿/𝐶𝐶(𝑉𝑉)                                                                             (4) 

According to (4) the impedance of the line generally increases with the voltage applied because of the 

capacitance decrease when ceramic capacitors or varactor diodes are used. 

 

3.1. The Experimental Set-up and Spice Simulation 

The NLTL was made on a phenolite PCB using 30 sections with linear inductors of L = 2.7 µH and the BB809 

varactor diode as nonlinear capacitors [9], [19]. Fig. 10 shows the experimental set-up with the PCB NLTL and 

the TTI pulse generator (model TGP 110), on the right side, responsible for producing the rectangular input pump 

pulse and, the digital Tektronix oscilloscope, on the left side, used to display and store the input and output signals. 

BNC connectors and 50 Ω coaxial cables were also used to make the connections between the PCB and 

oscilloscope/pulse generator devices. The BB809 C×V curve obtained from manufacturer datasheet [20] is shown 

in Fig. 11. This curve can be modeled by a function given by [21]: 

 

𝐶𝐶(𝑉𝑉) = 𝐶𝐶𝑗𝑗0 �1 + 𝑉𝑉 𝑉𝑉𝑗𝑗⁄ �⁄ 𝑚𝑚
,                                                                   (5) 

where Vj is the diode junction potential, m is the nonlinearity factor and Cj0 is the unbiased diode junction 

capacitance. 
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Fig. 10. Experimental set up for the NLTL tests. 

 

 

Fig. 11. Diode capacitance as function reverse applied voltage [21]. 

 

From the Fig. 11, one obtains that Cj0 is of the order of 60 pF and C(Vmax) of about 15 pF, which gives 

75  % variation for the capacitance decrease at 9 V. Other important parameters obtained from the datasheet are 

Vj= 0.7 V and m = 0.5. For the simulation model, it was used the NLTL diagram circuit shown in Fig. 12, including 

ohmic losses of L and C (respectively, RL = 0.56 Ω and RC = 6.8 Ω) and the BB809 varactor diode with parameters 

discussed previously in last paragraph. The simulation was done by using 30 sections in Spice circuit model to 

compare with the corresponding experimental results. 

 

Fig. 12. NLTL schematic circuit used for NLTL simulation using BB809 varactor diodes. 
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3.2. RESULTS 

A 50 Ω impedance pulse generator fed the line with a 9 V amplitude pump pulse of 310 ns duration and 15 ns 

pulse rise time. For maximum voltage amplitude of the pump pulse, the diode varactor gives C(Vmax) of about 

15 pF. Using eq. (2) obtains Δt = 190 ns, which certifies production of oscillations at the line output since tri << 

Δt as discussed in section II.  The experimental result confirmed that as shown in Fig. 13 (a) by the voltage 

oscillations on section 29 for a load of 1.0 kΩ and a delay time measured of the order of 200 ns. In this case, the 

value of load resistance is not matched to the circuit because greater the mismatch, greater the amplitudes of the 

oscillations at the output. In fact, the NLTL is never fully matched to the load as the line characteristic impedance 

(see eq. (4)) varies between the unbiased value of 212 Ω and biased one of 734 Ω with saturated capacitance of 5 

pF as shown in Fig.11. The frequency of the oscillations obtained of about 40 MHz is close to the half of the 

biased line cutoff frequency of 43 MHz as expected. The NLTL Spice simulation obtained (shown in Fig. 13(b)) 

for voltage on section 29 is also in good agreement with the experimental result of Fig. 13(a), which demonstrates 

the validity of varactor diode model used in the Spice simulator [9], [19]. 

 

(a)                                                                                 (b) 

Fig. 13. NLTL experimental (left) (a) and simulation (right) (b)results for pulse voltages on section 29. 

 

Fig. 14(a) illustrates the pulse propagation along the line showing the pulse voltages on different sections of 

the NLTL (sections 5, 10, 20 and 29). The increase in the pulse amplitude on section 29 is due to the reflected 

pulse caused by the load mismatch (1 kΩ) with positive reflection coefficient. With higher resistive load, the 
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positive voltage reflection along the line does no cause significant variation on the oscillation frequency as the 

capacitance is near saturation for the input pulse amplitude of about 10 V. Therefore, the frequency of oscillations 

pratically does not vary with a higher load along the line as we can note in the transient response in Fig. 14(a).  

Fig. 14(b) shows the corresponding simulation results obtained with a good accuracy compared to the 

experimental case given in Fig. 14(a). 

 

(a)                                                                                      (b) 

Fig. 14. Experimental voltage pulse (a) (left) and Spice simulation (b) (right) obtained for the NLTL on different sections. 

 

With the load, the Fig. 15(a) shows the effect of its variation on the voltage modulation depth (VMD) and the 

output oscillation frequency generated on the last section. It is clearly that for a higher resistive load (1 kΩ) above 

the unbiased line impaedance (210 Ω), the oscillation frequency increases and the VMD is slightly better for 

higher impedances. Also for lower loads, the DC level on the output pulse is reduced because of the negative 

voltage reflection at the load, which decreases the biased line Bragg frequency and in turn the oscilltation 

frequency as capacitance is increased.  This is confirmed by the corresponding Spice simulations of the FFT 

spectra for all loads as displayed in Fig. 15(b), where one can notice that the oscillation frequency increases with 

higher loads shown by the lobes on the spectra. When load is reduced the ouput oscillation frequency tends to 30 

MHz while in the opposite (load increase) the oscillation frequency tends to 43 MHz  [9], [19]. 
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(a)                                                                         (b) 

Fig. 15. Variation   effect of load resistance on secton 29 (a) (right)  and corresponding FFT spectra simulated (b) (left). 

  

 

As reported previously, although the output frequency does not vary much along the line with higher load as 

diode capacitance is near saturation, on the contrary oscillation frequency decreases along the line towards the 

output when load is much less than the unbiased line characteristic impedance. Fig. 16(a) gives the transient 

response of the output pulse of the NLTL on the 100 Ω load and on section 10. Corresponding FFTs in Fig. 16(b) 

show that on section 10 the oscillation frequency is of about 40 MHz while on load the frequency is around 28 

MHz.  The explanation for this is with sub-unmatched loads (<< 212 Ω), the DC level along the line is reduced, 

especially on the load, which increases the capacitance far from the saturation, reducing the oscillation frequency 

significantly towards the load. In comparison to higher loads, see in Fig. 14 (a) that DC level of the pulses 

increases on sections near the load because of the mismatch reflections caused by the load positive reflection 

coefficient [9], [19]. 
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(a)                                                                                              (b) 

Fig. 16. Voltage pulses on section 10 and on the load (a) (lfet) with corresponding FFT spectra (b) (right). 

The experimental and simulation results of the output pulse for different number of sections employed in the 

PCB NLTL are shown in the Figs. 17(a) and (b), respectively, at a load of 1.0 kΩ using the same parameters of 

the pump input pulse of previous tests. As shown the simulations are in a good agreement with the experimental 

results and the oscillation frequency on load remains practically the same around 40 MHz, not depending on the 

number of sections. For the experimental results with 30 sections, the oscillations of the output signal are more 

attenuated than that of the corresponding simulation due to the increase of the ohmic losses in longer lines in 

practice. Moreover, as n becomes larger the number and amplitudes of oscillations as well as the line delay time 

increase as shown in Figs. 17(a) and (b). However, for the case tested, optimum n lays between 20 and 30 as the 

number of oscillations are limited by the input pulse duration set at 300 ns [9], [19].   

 

(a)                                                                                          (b) 

Fig. 17. Effect of the NLTL n increase on the output pulse (a) ) (lfet) and corresponding Spice simulation up to 50 (b) (right). 
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The maximum voltage of generator, which reached only 12 V, limited the pulse amplitude applied of 10 V to 

the line input. The influence of the pump input pulse amplitude on the output oscillations was investigated for 

three different values (1 V, 5 V and 10 V) as shown by the NLTL output pulses in Fig. 18(a).  We can see that 

low voltage amplitudes do not produce noticeable oscillations, as nonlinearity is too low to cause significant 

capacitance decrease. This experimental result also demonstrates that frequency tuning is achieved by controlling 

the pump pulse amplitude, as frequency of oscillations varies approximately between 25 and 40 MHz for a 

corresponding variation of amplitude in the range of 5-10 V. Spice simulations can produce similar results by 

varying the pump pulse amplitude in 5 V steps above 5 V (see Fig. 18(b)). However, as seen in simulations, above 

20 V, distortion and attenuation on the output pulse oscillations start to degrade the system efficiency as amplitude 

approaches the diode reverse breakdown voltage of 30 V, with greater attenuation at 25 V amplitude. Anyway, 

using higher pump pulse amplitudes up to certain value below the diode breakdown voltage is an excellent way 

to increase oscillation frequency. In Fig. 18(b), 15 V amplitude is the best case simulated for the generation of 

RF oscillations with lower attenuation and better VMD at 50 MHz approximately [9], [19]. 

 

 

 

(a)                                                                                              (b) 

Fig. 18. Effect of the pump pulse amplitude on the output oscillations (a) (left) and correposding Spice simulation up 25 V (b) (right). 
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4. The HV Capacitive Nonlinear Line (NLCL) 

In this work, it is described the implementation of a high voltage nonlinear capacitive line (NLCL) using BT 

and PZT ceramic capacitors.  Corresponding NLCL Spice simulation are also provided for comparison with 

experimental results.This section discusses the minimum input pulse rise time to achieve RF generation with  

pulse compression at the output. 

 

4.1. The Schematic circuit of the NLCL  

The NLCL schematic circuit to feed the NLCL is  shown in Fig. 19. A pump input pulse generator is required 

to inject a rectangular pulse into the line. The pump pulse generator consists of a storage capacitor (C1//C2) and 

a high voltage (HV) switch (an IGBT transistor with holding-off capability of 1.2 kV). As shown in Fig. 19, a DC 

high voltage source acquired from Gamma Company charges the storage capacitors up to the nominal voltage 

and a low voltage pulse generator triggers the HV switch to discharge the storage capacitor for producing the 

pump input pulse. This input pulse travels along the line and emerges with faster rise time delayed at the output 

on a resistive load of 70-80 ohms. An input series resistor of 33 ohms placed bewteen the switch and the line is 

used to limit the IGBT current. The high voltage diodes D5 to D10 are used to protect the HV switch against 

negative back swing voltage, while D4 diode for reverse current. Because of the HV circuit configuration, a pulse 

transformer is used to isolate the pulse trigger pulse generator from the IGBT gate. In this work, three NLCLs 

were constructed using ceramic BT and PZT ceramic capacitors  with  linear inductance of 3.3 µH. The same 

configuration was used for the corresponding Spice simulations. Fig. 20 shows a picture of a 30-section  NLCL 

constructed with BT ceramic capacitors.  
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Fig. 19. Electrical circuit with IGBT switch used to test the NLCL. 

 

 

 

Fig. 20. Picture of the 30-section  NLCL PCB built with BT ceramic capacitors.   

 

4.2 BT NLCL Experimental Results 

 For this line, two commercial-off-the-shelf ceramic capacitors (COTS) with strong nonlinearity were selected 

according to Table I. The commercial capacitors have dielectric mixture in which the main compound is the 

barium titanate (BaTiO3) [22]. Based on US EIA standards, capacitor C#1 is of 1 nF with Y5U dielectric 

(capacitance tolerance of +22 % to -56 %) and C#2 is of 10 nF with Y5V dielectric (+22 % to -82 %) over a 

temperature range between -30 °C and +85 °C.  
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Table I. Electrical Characteristics of the BT ceramic capacitors tested. 

Sample Capacitance 
(nF) 

Dielectric 
type 

Nom. 
Voltage 

(kV) 
C#1 1.0 (Y5U) 2.0 
C#2 10.0 (Y5V) 2.0 

 

The experimental output signal in the line using C#1 confirms that the pulse rise at the output on a 70-ohm load 

is slightly compressed as shown by the brown line in Fig. 21 since tri > ΔT, where tri measured is of  about 2.5 µs 

(see green line) and pulse rise rime reduction calculated of 660 ns. Due to the longer rise-time of the input pulse 

driver caused by the slower IGBT switching time, ΔT is not enough to approach tri for causing RF oscillations as 

explained in section 3. We can see from eq. (2) (see section 3) that the value of ΔT depends on the unbiased 

capacitance, nonlinearity factor, inductance and number of sections n. Since the same input pulse driver was used 

for the test as well as the same number of sections and inductance in the NLCL, the use of the line capacitor C#2 

of higher capacitance and stronger nonlinearity produces RF oscillations on an 82-ohm load as illustrated in Fig. 

22 by the red line. Observe that the rise time of input pulse is still in the microsecond range (blue line) but in 

contrast to the previous case, the pulse rise time reduction factor calculated now is higher (ΔT = 3.27 µs > ti= 2.0 

μs), which explains the RF formation according to the theory described in the introductory part of section 3.  

 

 

Fig. 21. Experimental waveforms showing pulse sharpening obtained at the output of line using C#1. 
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Fig. 22. RF soliton generation at line output using capacitor C#2. 

 Other interesting results are shown in Fig. 23 by the RF formation along the C#2 line, where one can 

observe that the modulation depth of the oscillations are higher on the line middle sections since the RF intensity 

at the load is normallly lower in NLCLs. Also Fig. 24 gives the corresponding dependence of the RF oscillations 

on the pulse amplitude since line nonlineariry is weaker with lower voltages, where the input pulse amplitude is 

controlled through the capacitor charging voltage. 

 

Fig. 23. Illustration of the RF formation along the C#2 NLCL. 

 

 

Fig. 24. Dependence of RF formation on the input pulse amplitude. 
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As shown by previous results, the nonlinearity factor of ceramic capacitors is an inportant factor to be measured 

for obtaining RF oscillations. By using  the experimental curves C×V given in Figs. 25 and 26, one can measure 

the nolinearity factor of capacitors C#1 and C#2  as k = 0.5 and 0.1, respectively. In both figures, the sacttered 

points represent the capacitance measured under DC condition. The good fiiting obtained betwwen the 

experimental points and the solid line was obtained modeling the capacitance as an hyperbolic function given by 

[21]: 

,
1

1

2tanh1)
10

()( C
V
V

CCVC +−⋅−=





















                                                                             (5) 

where C(V) is the capacitance at the full pulse amplitude, C0 is the unbiased capacitance, and C1 and V1 are the 

fitting parameters. .For the theoretical fitting curve of capacitor C#1 in Fig. 25, we used the values C0 = 1.0 nF, 

V1 = 1.2 kV e C1 = 0.4 nF to obtain a good agreement between experiment and modeling. For C#2 in Fig. 26, the 

fitting parameters were C0 = 7.5 nF, V1 = 0.4 kV and C1 = 0.7 nF. 

 

Fig. 25. The C×V characteristic curve of Capacitor C#1. 

 

Fig. 26. The C×V characteristic curve of Capacitor C#2. 
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Finally, Fig. 27 shows the FFT spectrum measured for the experimental waveform of the output pulse (see Fig. 

22) confirming that RF frequency generated is of the order of half of the Bragg frequency (about 3.3 MHz). This 

value is according to the calculation provided by f=fco/2 with n=30 (see eq. (3) again), considering the linear 

inductance of 3.3 μH and saturated capacitance of 0.7 nF for C#2 (see Fig. 26).  

 

 Fig. 27. FFT spectrum measured for the output pulse given by the red line in Fig. 22. 

    

4.3 BT NLCL SPICE SIMULATIONS 

Using the ladder model of C#1 as shown in Fig. 12 to simulate the NLCL in the LT-Spice circuit simulator, a 

sharpened pulse is obtained at the output of the line as shown in Fig. 28. The blue line represents the input pulse 

with rise time of the order of 2.8 µs and the red line represents the output pulse obtained on the load (82 Ω) with 

rise time of 2.2 µs. In order to obtain a good fitting, the line capacitor parameters obtained were measured under 

dynamic conditions from the C-V curve [23]. In particular, for these simulations the values used for C#1 given 

by the modeling eq. (5) were C0 = 0.5 nF and C1 = 0.1 nF with V1 = 650V for an ideal switch with internal 

inductance of 50 μH. During the capacitor discharge, as noted by Siang [15], the unbiased capacitance, saturation 

voltage and capacitance measured on dynamic tests (C0, V1 and C1, respectively) are much lower than measured 

under DC static condition in Fig. 25.  Using these values of C0 = 0.5 nF and C1= 0.1 nF into eq. (2) one obtains a 

pulse rise-time reduction of the order 670 ns, very near the values obtained from the experiment (660 ns) and 

simulation (600 ns). 
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Fig. 28. Simulation result showing pulse sharpening at the NLCL output using C#1. 

An important experimental observation was to consider the variation of the switch parameter on LT simulation. 

When the switch inductance was decreased from 30 µH to 1.0 µH, a faster input pulse rise time of the order of 

few ns (<< ΔT) was obtained according to Fig. 29. In this case, the output pulse rise-time is limited by the cutoff 

frequency of the lumped line, as the output front slope cannot become infinite or negative. As a result, the 

simulated output pulse emerges delayed at the load, and is broken into a train of solitons superimposed on its full 

amplitude as seen in Fig. 29. In this case, because of the weak nonlinearity of the capacitor used in the line, the 

amplitudes of oscillations are not high enough and they die away after only three cycles. This simulation result is 

very important for the NLCL design since it demonstrates the importance of obtaining fast switching (few ns or 

less) for soliton generation in nonlinear transmission lines with weak nonlinearity.  The corresponding FFT 

spectrum of the output waveform is given in Fig. 30, showing a generated RF soliton frequency of about 4 MHz. 

 

Fig. 29. Soliton generation in the NLCL using faster switching and C#1 as nonlinear capacitor. 
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Fig. 30. Corresponding FFT spectrum simulated for the output voltage waveform using capacitor C#1 with faster input rise time. 

Using C#2 as nonlinear element in the simulation of the NLTL, soliton generation is obtained at the output of 

the line according to simulation in Fig. 31 as the input pulse rise-time tri ≈ 2 μs is shorter than the pulse rise time 

reduction factor ΔT= 3.27 µs  

 

Fig. 31. Simulation results showing soliton generation at the NLCL output using C#2 and corresponding input voltage. 

 

The corresponding FFT simulation of the output pulse voltage shown in Fig. 32 confirms the soliton generation 

frequency around 3.3 MHz, which is close agreement with the experimental value obtained from FFT in Fig. 27. 
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Fig. 32. Corresponding FFT spectrum simulated for the output pulse waveform using capacitor C#2.  

4.4 PZT NLCL Experimental Results 

 In view of the previous results with BT ceramic capacitors with weak nonlinearity, circular type PZT-4 

capacitors with larger dielectric thickness (2 mm) are not enough nonlinear for applications in NLTLs when 

operating far from their BD voltage (see Fig. 3(a) in section 2.3). However, near BD voltage they present 

nonlinearity (NL) factor k ≈ 0.5 as illustrated in Fig.  33 by the decrease of the capacitance with voltage, where 

thinner PZT type-4 (0.5 mm thickness) with square shape (10×10 mm) were used for these tests [7]. Thus, the 

solution for using PZT in NLTLs is to operate the line with higher voltage, with dielectric strength slightly below 

the BD. To reduce dependence on using voltages above 5 kV the main idea is to use thinner PZT slabs (< 1 mm) 

in order to obtain higher dielectric strength close to their BD voltage. 

 

Fig. 33. C×V characteristic curve of the square shape PZT with thinner thickness. 
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 However, when the NLCL was tested with 10 sections using the thinner squared shaped PZT and L=3.3 μH  

only pulse compression (see Fig. 34) without any RF oscillation was obtained on a 82 ohms load as expected 

because of the slower pump impulse driver employed. For the experimental result in Fig. 34, we can see that the 

input rise time is of the order of 3.2 μs while the output rise time of about 2.5 μs, leading to pulse rise time 

reduction of 700 ns approximately. It is surprising that this value is very close to that obtained with the 1.0 nF 

capacitor of weak nonlinearity in Fig. 21, which can be explained by the fact that, although the PZT line has only 

10 sections, its unbiased capacitance is higher (see Fig. 33). For both cases, pulse rise reduction is of the order of 

the delay line and its calculation from eq. (2) cannot be promptly obtained from the C×V curve characteristic 

measured on DC condition. However, this calculation can be made using the C×V measurement on dynamic 

conditions in Spice simulations as shown in the previous section for the BT C#1 NLCL (see Fig. 28). This output 

pulse compression of the order of the line delay is not fully understood and further investigation on this 

phenomenon is needed. Anyway, the results obtained so far indicate that ceramic capacitors of weak nonlinearity 

(BT or PZT) can produce pulse compression. Besides that, probably they can even produce generate RF soliton 

oscillations if a faster pump input pulse driver is used as demonstrated in the previous section according to Fig. 

29. 

 

Fig. 34. Input and output experimental waveforms obtained from the PZT NLCL showing small pulse sharpening.  
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5. CONCLUSIONS 

 Pulse sharpening and soliton RF generation were achieved using ladder-type NLCLs. Using ceramic  capacitors 

(BT and PZT) of weak nonlinearity (k=0.5), only pulse compression was observed for an input rise time in the 

microsecond range. The pulse rise reduction obtained was of order of 700 ns for the sharpened output pulse, in 

good agreement with simulation results. Herein, an important observation is that parameters of weak nonlinear 

capacitors such unbiased capacitance, voltage and capacitance at saturation seem to be much lower when 

submitted to the pulsed conditions as confirmed by the results, a phenomenon that must be investigated further. 

Nevertheless, using ceramic capacitors of stronger nonlinearity (k=0.1) soliton oscillations were generated at a 

frequency of 3.3 MHz approximately. Besides, through simulation using a low inductance switch for producing 

faster rise times, soliton generation was demonstrated to be possible even with the use of capacitors of weak 

nonlinearity in the NLCL. This is an important achievement once PZTs could be used for soliton generation, 

probably leading to better voltage modulation depth as they have lower dielectric losses than BT dielectrics. Other 

solution to improve the feasibility of the weak nonlinearity line could be use of a hybrid configuration with extra 

nonlinear elements at the same time such as saturated inductors. This research approach raises the need for 

characterization of magnetic ferrite beads [23] employed as nonlinear medium in hybrid NLTLs. Anyway, for 

lumped NLCLs beyond the nonlinearity factor other problem is the resonant frequency of the ceramic dielectrics 

that limits their application up to 200 MHz approximately, as shown in section 2.4. A solution for checking this 

limit for the NLCL operation could be use of a low voltage varactor diode line (shown in section 3) since the 

adverse effect of the stray inductances on line frequency performance is worse for tests with HV pulses. Finally, 

the more important aspect confirmed through simulations is that dielectrics with strong nonlinearity factor (k< 

0.1) is an important issue for producing soliton RF combined with faster input pulse rise times in the range of few 

ns or less.    
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